The THz wavelengths cover the frequency range of 0.1-10 THz or 30-3000 µm wavelength band. Currently, detection of THz radiation is carried out using either antenna-coupled semiconductor detectors or superconducting bolometers. Imaging of objects using these detection schemes requires complex scanning mechanisms which limits the applications involving real time imaging. For imaging applications it is desirable to employ focal plane arrays (FPAs) which leads to more compact systems. The FPAs based on photon detectors commonly used in infrared require cooling which becomes stringent as the detection extends to THz wavelengths. On the other hand, microbolometer FPAs using thermal detectors based on temperature change due to infrared absorption have a broad wavelength response and can be operated at room temperature. The advances of microbolometer technology allow real time imaging in the 7-13 µm wavelength range with relatively high sensitivity. However, their ability to detect THz radiation is relatively unknown. In this paper, imaging of a 3.4 THz (88 µm) laser beam using an uncooled microbolometer camera is described.
INTRODUCTION
Due to its unique spectral characteristics, radiation in the 0.3-10 THz spectral range has gained recent popularity as a new and potentially powerful medium for next-generation imaging technology. [1] [2] [3] [4] [5] Equipped with a proper illuminating source and sensor, THz imaging systems are capable of stand-off imaging of concealed objects and of human body tissue-particularly cancerous growths, which can elude x-ray based imaging detection. 4, 5 Such detection agility is due to the fact that THz wavelengths are short enough to provide sub-millimeter resolution capability, but are also long enough to penetrate non-metallic materials. 6, 7 Additionally, many explosive materials absorb strongly in the THz frequency range-suggesting numerous applications in the stand-off spectroscopic analysis and identification of concealed explosives. 8, 9 Due to a dearth of THz-tuned sensors and sources, however, this frequency range has not been fully exploited to date. Currently, most THz imaging systems are based on either antenna-coupled semiconductor detectors or cryogenically cooled bolometers operating in the scan mode. More recently, the potential use of uncooled microbolometer cameras for THz imaging using quantum cascade laser (QCL) sources have been reported. 10, 11 In this paper, we report on the successful use of an uncooled microbolometer infrared camera to image radiation produced by a 3.4 THz with 10 mW peak power quantum cascade laser. Imaging of the beam, alone and through various obscurants, is demonstrated through still images of video recordings of detector output. 
Source
The QCL used in these experiments was fabricated via molecular beam epitaxy (MBE) on a semi-insulating GaAs substrate 12 . Figure 1 shows a schematic diagram of the fabricated laser with 200 µm wide and 14 µm thick multiple quantum well (MQW) active region comprised of 120 periods. The laser produces about 10 mW peak output power when operated below 30 K. To mitigate heating in the active region, the laser was nominally operated with short pulse widths (on the order of 200-500 nanoseconds) and a duty cycle no greater than 10%. periods of GaAs/AlGaAs quantum wells [13] .
The current-voltage (I-V) characteristics of the laser were measured at 10 K by mounting it on a closed cycle refrigerator and applying current pulses (~ 300 ns) with varying magnitude to avoid excessive heating of the device. Figure 2 shows the measured I-V characteristics of the laser, as well as an overlay depicting normalized output power as a function of current input to the QCL. Threshold lasing was achieved at approximately 0.96 A and the lasing was found to cease beyond 2 A primarily due to excessive heating of the active region. Maximum beam intensity was achieved at around 1.65 A with bias voltage of about 8.7 volts. From the slope of the I-V curve within the lasing region, an operating QCL impedance of 3.5 Ω was extracted. Due to the high current and short pulse width required to drive the QCL, impedance matching to the pulse generator (50 Ω) was essential to the device's successful operation, and was accomplished by integrating a step-down transformer into the electrical circuit. The number of input (N in ) and output (N out ) windings of the transformer was estimated to achieve the desired impedance matching using the relation
The peak power of the laser is about 10 mW at operating temperature of 10 K using 300 ns pulses with duty cycle of 10%. 
Sensor and optical configuration
The detection system used in these experiments was an off-the-shelf, uncooled 160x120 pixel microbolometer focal plane array camera designed for imaging in the 8-14 µm wavelength range. The pixels are made using a composite film of vanadium oxide (VO x ) and silicon nitride (Si 3 N 4 ) with dimensions 50x50 µm 2 . The camera has a dynamic range of 66 dB, noise equivalent power (NEP) of approximately 10 pW/√Hz and noise equivalent temperature difference (NETD) of less than 100 mK with f/0.8 optics.
14 The focal plane array of the camera was not optimized for imaging in the THz frequencies. In order to determine the sensitivity of the camera in the 1-5 THz band of interest, the NETD was evaluated using the formula 14 ( )
where NEP is noise equivalent power of a pixel, F no is the f-number of the lens element used to focus the beam on the focal plane array, A is the area of a single pixel of the focal plane array, ε is the emissivity of the source and L is the spectral irradiance of the source, which is given by:
where ε t is the emissivity of the target and P(T) is the exitance of the target in the THz frequency range of interest. It can be shown, using Planck's radiation law and the fact that in the 1-5 THz range hν < kΤ: ( ) Specifications ascribe an NEP of 10 -11 W/√Hz to the camera. Using a lens with f-number of ~1.3 (1.5-inch diameter and 50-mm focal length), ε = ε t ~ 0.5, and A det = 50x50 µm 2 , a value of approximately 2.7 K is found for NETD at the THz frequencies which is more than an order of magnitude greater than the 100 mK value specified for the infrared regime. The difference in these NETD values confirms the need for external THz illumination in order for the microbolometer camera to successfully obtain images at THz frequencies.
The speed of the camera is limited by the thermal time constant of the individual pixels of about 10 ms which allows the operation at TV frame rate (30 Hz). Due to the significantly longer wavelengths involved, modification to the optics was made to maximize the amount of QCL THz radiation received by the camera. The standard germanium lens optimized for the IR range was replaced with a 1.5-inch diameter, 50-mm focal length lens made of picarin. Initial measurements using the germanium lens indicated that the antireflection coating on it heavily attenuates the THz power reaching the FPA. Figure 3 shows the measured transmittance of a picarin window as a function of THz frequency using a Fourier transform infrared (FTIR) spectrometer. At 3.4 THz, the transmittance of the window is about 60%. Arrangement of the laser assembly is as shown in Fig. 4 . To accommodate the stringent cooling conditions required of the laser, the QCL was attached to a closed-cycle refrigerator using a copper-based laser mount to achieve good thermal conductance. Also mounted to the copper carrier were a one-inch diameter, 90-degree off-axis parabolic and an 80x80 mm 2 flat mirror for collimating and redirecting the laser beam through the cryostat window to the detection system. Both mirrors were gold-plated to allow maximum reflection of the QCL beam, and copper was chosen for the mounting material to optimize heat transfer away from the laser during operation. A picarin window was attached to the cryostat to extract the laser beam and an external off-axis parabolic mirror was used to steer and focus the beam. Imaging experiments were performed by placing various material types (plastic, paper, metal, cloth and ceramic) between the external parabolic mirror and the IR-160 camera. The focal plane was sampled at a 30-Hz frame rate (33 ms per frame). Fig. 4 . QCL assembly used in present study. QCL is mounted such that beam is emitted horizontally onto a flat mirror, then further reflected off of a parabolic mirror before exiting the chamber through a picarin-based window.
RESULTS
The images from the camera were recorded at 30 Hz using a framegrabber. Figure 5 (a) depicts a single frame of the 3.4 THz laser beam monitored using the camera and Fig. 5(b) shows the distortion of the image when a metallic object moved across the beam. An additional set of images was collected by placing sheets of common bond paper between the beam and camera. Figure 6 (a) and (b) show the reduction of laser beam intensity when one and two sheets of paper were placed in front of the camera, respectively. These measurements confirm that further improvements in the optical arrangement should allow for imaging of objects concealed by paper.
( 6 a ) ( 6 b ) Fig. 6 . Single frame capture of quantum cascade laser beam, imaged using microbolometer camera, obstructed by (6a) a single sheet of paper; and (6b) two sheets of paper.
SUMMARY
By making relatively simple optical modifications to a commercially-available microbolometer camera, we have demonstrated the ability to image 3.4 THz radiation emitted by a quantum cascade laser. These results confirm that microbolometer pixel membranes remain absorptive well beyond the 8-14 µm wavelength range, and that uncooled microbolometer cameras hold promise as an inexpensive, compact platform for THz imaging of objects under certain scenarios. Calculations indicate that the camera NETD in the 1-5 THz frequency range is roughly 2.7 K, confirming that external radiation sources are necessary in order for such devices to image THz successfully. Improvements upon this imaging scenario are currently being investigated.
